Enhancement in room temperature infrared transmission ͑1.8 -50 m wavelength range͒ has been achieved in GaSb bulk crystals by tellurium ͑Te͒ compensation. Lattice vibrations have been observed at 488, 408, 355, 323, 327, 270, 255, 246, 237, 231, 221, 214, and 210 cm Ϫ1 , respectively, which coincide with the theoretically predicted band positions from two-, three-, and four-phonon processes. The clear observation of lattice vibrations indicates the suppression of free carrier absorption in Te-compensated GaSb. Electrical characterization indicates that Te compensates native defects in GaSb that contribute to the enhancement in the transmission properties of GaSb bulk crystals.
I. INTRODUCTION
Among III-V compound semiconductors, gallium antimonide ͑GaSb͒ is particularly interesting as a substrate material because its lattice parameter matches solid solutions of various ternary and quaternary III-V compounds whose band gaps cover a wide spectral range from 0.3 eV to 1.58 eV.
1,2
Also, the detection of longer wavelengths, 8 -14 m, is possible with intersubband absorption in antimonide based superlattices 2, 3 where GaSb is thought to be the preferred substrate for the growth 4 of such devices. Unfortunately, although GaSb substrates are readily available in reasonable quality and quantity, they are for the most part not optically transparent in the regions of interest and they are also highly conductive. These properties severely limit the performance of optical devices grown on GaSb substrates.
Free carrier absorption in GaSb substrates is often so strong that lattice vibrations cannot be observed by transmission measurements. 5 As-grown undoped GaSb is always p type in nature irrespective of growth technique and conditions.
2 Work over the last three decades has been devoted mainly for understanding the origin of the residual acceptors that are the limiting factors for both fundamental studies and device applications. 2 The residual acceptors with concentration of ϳ10 17 cm Ϫ3 have been found to be related to gallium vacancies (V Ga ) and gallium in antimony site (Ga Sb ) with doubly ionizable nature. 6 To the best of our knowledge, the only research that has been carried out to enhance the transmission properties of bulk GaSb substrates is by Hrostowski and Fuller. 5 They observed lattice vibrations in unintentionally doped GaSb bulk crystals at 23.3, 24.4, 28.8, 30.7, 34.5, 40, and 41 m after lithium diffusion at 630°C. 5 Recently, Ferrini et al. 7 studied the far-infrared reflectance and first-and second-order Raman spectra at room temperature on a series of Al x Ga 1Ϫx Sb layers epitaxially grown on GaSb ͑0.0рxр0.5͒ in the 700-100 cm Ϫ1 spectral range. For bulk GaSb and molecular beam epitaxy ͑MBE͒ GaSb film grown on bulk GaSb, respectively, they observed lattice vibrations corresponding to 2TO͑X͒, 2TO͑L͒, and 2LO͑⌫͒ between 400 and 500 cm Ϫ1 , TO ϩTA͑L,X͒ between 250 and 300 cm Ϫ1 , TO͑⌫͒ and LO͑⌫͒ between 200 and 250 cm
Ϫ1
, and 2TA͑X͒, LO-TA͑X͒, and 2A(⌺ 1 ) between 100 and 200 cm Ϫ1 . 7 In this paper, we report the enhancement in transmission of GaSb bulk crystals via Te compensation during crystal growth.
II. EXPERIMENT
Pure and Te-compensated GaSb bulk crystals were grown by the vertical Bridgman method in a single zone furnace from the Mellen Corporation in argon ambient at 1 atm pressure. For charge synthesis, 7 N pure Ga and 6 N pure Te and Sb were used as-received without any chemical treatment. Directional solidification was conducted in flat bottom silica crucibles of 2 in. diameter without any seed. Considering the fact that undoped GaSb has (1 -2) ϫ10 17 cm Ϫ3 acceptors and the segregation coefficient of Te in GaSb to be 0.37, 8 the initial Te concentration in the melt was set at 1ϫ10 18 cm Ϫ3 in order to obtain the highest level of compensation at approximately midway along the growth axis of the boule. The typical melt height was between 2 and 4 cm. The temperature gradient imposed by the furnace near the melt-solid interface was Ϸ5°C/cm. Prior to growth, the melt was homogenized for 1 h above the melting point of GaSb ͑712°C͒ by rotating the crucible at 120 rpm while a static stirrer remained in the melt within 0.5 cm from the bottom of the crucible. After homogenization, the crucible was lowered at a constant rate of 1 cm/h and rotated continuously at 120 rpm, while the static stirrer remained in the melt within 0.5 cm of the solid-liquid interface at all times to keep the melt homogeneous. After the entire ingot reached outside the hot zone of the furnace, the crystal was cooled to room temperature over a period of 12 h by appropriately programming the furnace temperature-time profile.
After the growth process, the ingots were sliced perpendicular to the growth axis to extract wafers. Native defects in a͒ Electronic mail: duttap@rpi.edu JOURNAL OF APPLIED PHYSICS VOLUME 96, NUMBER 2pure bulk GaSb crystals have segregation coefficient close to unity.
2 Hence all the pure samples exhibited similar optical and electrical properties. A total of 17 wafers were extracted from the Te-compensated GaSb ingot. The wafers were labeled from W0 to W16. Wafer W0 corresponds to the bottom of the boule ͑first to freeze͒ and wafer W16 corresponds to the top of the boule ͑last to freeze͒. The extracted wafers had an approximate thickness of 1-2 mm. All the samples were lapped and polished on both sides with commercially available slurries to achieve mirror shining surfaces on both sides. Lapping was performed with 17.5 m alumina slurry on a glass plate. Polishing was performed with 1 m alumina slurry on a nylon pad and 0.1 m alumina slurry on a velvet pad. The final wafer thickness was approximately 450 m ͑see Table I͒ . Optical and electrical characterizations were performed on all samples ͑0.5ϫ0.5 cm 2 in size͒ using a Thermo Nicolet fourier transform infrared ͑FTIR͒ spectrometer and an EGK Hall measurement system at 300 K. The ohmic contacts to the samples were provided by indium annealed at 500°C for 1-2 min. The samples used in these measurements were taken from the region of the 2 in. diameter wafer lying halfway between the center and the edge along the radial direction.
III. RESULTS AND DISCUSSION
The electrical properties of the pure and Te-compensated samples are summarized in Table I and displayed graphically in Fig. 1 as a function of sample name. Figure 2 displays the FTIR transmission curves of pure and Te-compensated GaSb samples in the 1-25 m spectral range taken in atmospheric ambient. Pure GaSb samples T1 show the lowest percentage transmittance and the highest free carrier absorption among all characterized samples with limited transmission between 1.7 and 4 m. Electrical characterizations conducted on sample T1 showed the sample to be p type with hole concentration, mobility, and resistivity typical of unintentionally doped GaSb bulk material 2 ͑see Table I and Fig. 1͒ . pensated GaSb samples showed different degrees of native defect reduction along the boule's growth direction. For example, at room temperature, sample W9 displays the largest percentage transmittance, as seen in Fig. 2 , with the lowest carrier concentration of 1.2ϫ10 16 cm Ϫ3 . It is interesting to note that the compensated sample W5 shows the same carrier concentration, 1.7ϫ10 17 cm Ϫ3 as the pure GaSb sample T1. However, if we compare the hole mobility of each sample, W5 shows a hole mobility of 26 cm 2 /V s while T1, the pure GaSb sample, shows a much larger hole mobility of 691 cm 2 /V s. In fact, in the first to freeze p-type region of the compensated boule, along the growth direction, the hole mobility went from as high as 783 cm 2 /V s to as low as 26 cm 2 /V s. Along the n-type region of the compensated boule, the last to freeze portion, the electron mobility went from as low as 27 cm 2 /V s to as high as 1282 cm 2 /V s, as can be seen in Table I and Fig. 1 . Strauss 8 reported on the increasing electron mobility with increasing carrier concentration for Te-doped GaSb samples. Others have shown that lithium diffusion into Te-doped GaSb has resulted in the increase of electron mobility with increasing electron concentration. 9, 10 Baxter et al. 11 studied the behavior of the electron mobility in Te-compensated GaSb samples at 77 K as well as in lithium diffused Te-compensated GaSb samples at 300 and 77 K. They attributed the monotonic variation of mobility with carrier concentration to the dominance of impurity scattering under conditions of high compensation. 11 Figure 2 also shows that for the highly compensated samples (W2 -W9) in Table I , the percentage transmittance starts decreasing rapidly from 15 to 22 m. Figure 3 displays the transmission characteristics of some selected Te-compensated GaSb samples in the 500-200 cm Ϫ1 spectral range taken in nitrogen ambient to minimize atmospheric absorption. It was observed that there was practically no transmission for the pure GaSb sample T1. Therefore, the data for the pure GaSb sample have been omitted from this figure. These predicted results are in good agreement with our observations. Also, Nielsen et al. 13 studied the lattice vibrations of the constituent atoms in GaSb and other III-V compounds experimentally by neutron diffraction and theoretically by calculations within the framework of phonon models proposed in the literature. For GaSb, they determined the onedimensional mean-squared vibrational amplitudes to be ͗u 2 ͘ Ga ϭ0.0107(5) Å 2 and ͗u 2 ͘ Sb ϭ0.0113(5) Å 2 at room temperature.
13 Figure 3 also shows additional lattice vibrations ͑I-M͒ at 237, 231, 221, 214, and 210 cm Ϫ1 , respectively. Using Mitra's calculated phonon frequencies ͑LO ϭ193 cm Ϫ1 , TOϭ215 cm Ϫ1 , LAϭ134 cm Ϫ1 , and TAϭ49 cm Ϫ1 , 12 these additional lattice absorption bands can be assigned as follows: 2LOϪ3TA, LAϩ2TA, 2LOϩTAϪTO, TO, LAϩ2TAϩLOϪTO. These theoretically predicted phonon bands, namely, 239, 232, 220, 215, and 210 cm Ϫ1 are again in good agreement with our observations. In addition, our reported phonon band locations are in good agreement with the bands observed by Ferrini et al. 7 in the 500-200 cm Ϫ1 spectral range. Here, lattice vibrations have been observed in Te-compensated GaSb. Profiling of some selected wafers showed uniform optical and electrical properties along the radial direction ͑perpendicular to the growth direction͒.
IV. CONCLUSION
It has been demonstrated that transmission enhancement in large diameter bulk grown GaSb crystals can be achieved by Te compensation. The lowest carrier concentration obtained, 1.2ϫ10 16 cm Ϫ3 , is still several orders of magnitude higher than the theoretically predicted intrinsic limit at room temperature, 1.5ϫ10 12 cm Ϫ3 . 14 Hence further improvement in transmission is expected if the Te concentration in the starting melt is set at the mid ϳ10 17 cm Ϫ3 .
